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SODIUM-HYDROGEN EXCHANGER (NHE) proteins play a critical role in cell volume regulation, maintenance of intracellular pH, and transepithelial electrolyte absorption and secretion (11, 17, 21, 27, 41) . The NHE proteins are transmembrane proteins that exchange one extracellular Na ϩ ion for one intracellular H ϩ ion in an electroneutral manner. To date, nine NHE isoforms have been identified through molecular cloning experiments (30, 46, 50) . Each isoform has unique characteristics regarding tissue distribution, membrane localization, and sensitivity to hormonal regulators. Structurally, the NHE protein has two domains, an amino-terminal that is largely homologous among isoforms and carries out the NHE, and a carboxy-terminal domain that is more variable across isoforms and involved in NHE regulation (26, 30, 49) .
Studies have identified the isoform NHE4; however, its specific role in cellular functions has yet to be elucidated. NHE4 mRNA has been detected in the colon as well as the stomach, small intestine, kidney, brain, uterus, and skeletal muscle (28) . NHE4 has been localized to the basolateral membrane in the rat gastric gland (32) as well as rabbit macula densa cells (31) . More recently, Western blot analysis has confirmed NHE4 protein in colonic cells (2) . In contrast to many other NHE isoforms, NHE4 is characteristically resistant to amiloride and its derivative ethylisopropylamiloride (EIPA) (7) . Previous studies have taken advantage of this relative resistance by blocking NHE1, 2, and 3 and analyzing residual NHE activity, which represents NHE4 activity (1, 2, 33) . Early studies using transfected NHE-deficient PS120 fibroblasts demonstrated NHE4 activity following hyperosmolarity-induced cell shrinkage (4, 5) . Subsequent experiments in transfected NHE-deficient latency-associated peptid (LAP) (Ϫ) fibroblasts did not reproduce the activating effect with hyperosmolarity but did demonstrate NHE4 activity following an acid load and treatment with 4,4=-diisothiocyanostilbene-2,2=-disulfonic acid (DIDS) (7) . Later experiments in the T84-cultured colonic cell line demonstrated NHE4 activity following an acid load as well as increase in activity with increased osmolarity (2) .
Previous studies in our lab have examined NHE activity in rat colonic crypts. In one series of experiments, aldosterone was demonstrated to have rapid effects on upregulation of NHE activity (44) . Steroid hormones traditionally involve modification of DNA transcription, mRNA translation, and protein synthesis; however, this and other studies have demonstrated rapid, "nongenomic" effects of aldosterone and other steroid hormones (18, 23, 24, 37) . We hypothesized that NHE4 may be one of the NHE proteins upregulated by aldosterone.
The major aim of this study was to further characterize NHE4 in the rat colonic crypt and correlate these experiments using human colon samples. In this study we imaged crypt cells (Fig. 1 ) by loading them with a pH-sensitive fluorescent dye and observing real-time changes in intracellular pH. We demonstrate functional NHE4 activity present in our rat model as well as our human samples. We found that aldosterone increases NHE4 activity and increasing cAMP levels downregulate NHE4 activity. We hypothesize that NHE4 plays a role in maintaining intracellular pH and electrolyte homeostasis.
MATERIALS AND METHODS
Animal samples. Male Sprague-Dawley rats, 250 -300 g, were obtained from Charles River Laboratory and housed in climate-and humidity-controlled, light-cycled rooms and fed standard chow with free access to water. All handling of animals and subsequent experiments followed guidelines established by the Institutional Animal Care and Use Committee at Yale. Animals were euthanized with isofluorane and the distal colon was immediately harvested. The distal colon was transected near the perianal junction, dissected along the left colon, and transected at the transverse colon. Briefly, we followed our standard protocol for isolation and imaging of colonic crypts as previously described (6, 44) . Colonic samples were immediately placed in a calcium chelation solution containing EDTA to separate the crypts from the basement membrane. Isolated crypts were transferred to cold HEPES-buffered solution (Table 1 ). All solutions were made in the absence of bicarbonate. Selected crypts visualized under magnification were then transferred to a coverslip pretreated with a biological adhesive Cell-Tak and mounted in a thermostatically controlled chamber maintained at 37°C. Isolated crypts were incubated in a HEPES-buffered Ringer solution containing 10 M of the pHsensitive dye 2=,7=-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester (BCECF-AM; Molecular Probes, Eugene, OR) for 10 min. After dye-loading was completed, the chamber was flushed with a HEPES solution to remove all residual dye. The chamber was placed on the stage of an inverted microscope that was attached to a digital imaging system for the duration of the experiment. Individual regions of interest, at least six regions per crypt, were outlined and monitored. The columnar cells in the midportion of the crypt were selected for analysis while basal progenitor cells and surface epithelial cells were excluded from analysis. BCECF-loaded glands were excited at 490 Ϯ 10 and 440 Ϯ 10 nm, respectively, while the emission was monitored at 530 Ϯ 10 nm every 15 s. The resultant ratio data were used to calculate the pH using the high K ϩ /nigericin calibration technique (40) . Hydrogen ion extrusion by individual colonic crypts was monitored as recovery of intracellular pH after acid loading the cells with a Na ϩ -free HEPES solution containing 30 mM NH4Cl. The recovery rates are expressed as the ⌬pHi/⌬t, where ⌬pHi is change in intracellular pH and ⌬t is change over time. The recovery rates were calculated from the same initial starting pH to remove the potential variation in intrinsic buffering power of each individual cell.
NHE4 isolation and activity. To isolate NHE4 activity, crypts were exposed to 7 M EIPA or 400 M amiloride following dye loading at the start of the experiment. These doses have been shown to inhibit NHE1 and NHE3 but allow NHE4 to remain active (7) . Aldosterone effects were evaluated by the addition of 1 M aldosterone to the solutions during the experiment. In a separate series, crypts were exposed to increased cAMP levels by addition of 100 M 3-isobutyl-1-methylxanthine (IBMX) and 1 M forskolin to solutions throughout the experiment. During the hyperosmolarity experiment, a HEPESbuffered solution containing increased mannitol titrated to an osmolarity of 300 mosM was used.
Human samples. Human colon specimens were obtained from patients undergoing elective colon resections, and healthy margins were taken from resected specimens. All studies were approved by the Human Investigation Committee. A total of 26 specimens were obtained and 24 specimens were analyzed. Two specimens had no viable crypts at the time of experiment and were unable to be analyzed. Crypts were immediately isolated with EDTA using similar methods to rat colonic isolation described above. In a similar fashion, crypts were incubated with BCECF for 10 min. Extrusion of hydrogen ions was monitored as recovery of intracellular pH after acid loading the cells with a Na ϩ -free HEPES solution containing 30 mM NH4Cl. The recovery rates are expressed as the ⌬pHi/⌬t.
Statistical analysis. Graphpad Software was used to perform a Student's t-test for analysis with P Ͻ 0.05 considered significant. Results are expressed as the means of ⌬pHi/min Ϯ SE.
RESULTS
Rat colonic NHE4 activity. NHE activity was demonstrated in colonic crypts by inducing an acid load and monitoring the recovery of intracellular pH. After the dye-loading procedure, crypts were superfused with a HEPES-buffered solution at the start of the experiment to remove any remaining deesterified dye. An ammonium prepulse was delivered resulting in an initial alkalinization (Fig. 2 ). Crypts were then exposed to a sodium-free solution, which caused a rapid acidification to a pH ϳ6.6 -6.8. When reperfusing with sodium-containing HEPES-buffered solution, NHE activity resulted in acid extrusion from inside the cell, which was monitored as an increase in intracellular pH.
In previous experiments, NHE4 was demonstrated to be particularly resistant to amiloride and EIPA compared with other NHEs. The calculated half-maximal inhibitory concentrations (IC 50 ) constants for NHE4 determined by Chambrey et Concentrations are expressed in millimolar. Except for the hyperosmolarity experiment, all solutions used in the experiments were titrated to an osmolarity of 295 mosM.
al. (7) was 813 Ϯ 20 M of amiloride compared with 5.3 Ϯ 0.4 M for NHE1 and 309 Ϯ 26 M for NHE3. Given these findings, we estimated that superperfusing crypts with 400 M amiloride would inhibit NHE1 and NHE3 activity but leave NHE4 active. In each experiment, crypts were superfused with amiloride for at least 10 min before evaluating NHE activity to give time for amiloride's inhibition to take effect. Given the previous calculated inhibition constants, we predicted that amiloride at a concentration of 1,000 M should inhibit all NHE activity including NHE4, and we chose this concentration to inhibit NHE4 activity in our experiments. Similarly, the calculated IC 50 constants for NHE4 determined by Chambrey et al. (7) was Ͼ10 M of EIPA compared with 25.1 Ϯ 6.9 nM for NHE1 and 3.3 Ϯ 0.6 M for NHE3. We estimated that superperfusing crypts with 7 M of EIPA should block NHE1 and NHE3 activity while leaving NHE4 active.
Rat colonic crypts superfused with 7 M EIPA demonstrated NHE activity following an acid load similar to control crypts but at a reduced rate. As shown in Fig. 2 , there was an initial alkalinization followed by rapid acidification after administering the NH 4 Cl prepulse and removing sodium from the solution. When crypts were reperfused with sodium-containing HEPES solution and 7 M EIPA, there was a rise in intracellular pH suggesting NHE4 activity absorbing extracellular sodium and extruding intracellular hydrogen ions. The mean rate of increase in intracellular pH in rat control colonic crypts was 0.3418 Ϯ 0.01623 ⌬pH units/min compared with 0.06464 Ϯ 0.002982 ⌬pH units/min for 7 M EIPA (P Ͻ 0.0001) (Fig. 2) .
Similarly, the mean rate of increase in intracellular pH in rat colonic crypts exposed to amiloride 400 M was 0.06717 Ϯ 0.003302 ⌬pH units/min, significantly less than control crypts (P Ͻ 0.0001) (Fig. 2) , which we estimate as inhibition of NHE1 and NHE3 activity and preserved NHE4 activity. When superperfusing crypts with 1,000 M amiloride, we found a significant reduction in NHE activity, with the mean increase in intracellular pH as 0.03396 Ϯ 0.003115 ⌬pH units/min, statistically significantly less than when superperfusing with 400 M amiloride (P Ͻ 0.0001). This reduced NHE activity is estimated to be blockage of NHE4 and nearly all NHE activity in the crypt.
Rat colonic NHE4 upregulation with aldosterone. To determine whether aldosterone influenced NHE4 activity, rat colonic crypts were superfused with 7 M EIPA and 1 M aldosterone throughout the experiment. The crypt was first superfused with NH 4 Cl followed by a sodium-free solution resulting in rapid acidification. When the crypts were reperfused with sodium-containing HEPES solution, we found a significantly higher rate of increase in intracellular pH when aldosterone was administered compared with no aldosterone (7 M EIPA 0.06464 Ϯ 0.002982 ⌬pH units/min compared with 7 M EIPA ϩ 1 M aldosterone 0.08067 Ϯ 0.01037 ⌬pH units/min, P ϭ 0.0352) (Fig. 3) . In an additional series of experiments, we superfused crypts with 7 M EIPA, 1 M aldosterone, and 1 M S3226 to confirm blockage of NHE3 activity and found the same rate of recovery of intracellular pH compared with 7 M EIPA and aldosterone alone. This sug- Fig. 2 . Rat colonic crypts demonstrate functional sodium hydrogen exchanger 4 (NHE4) activity. A: rat colonic crypts were exposed to an acid load by delivering an ammonium prepulse followed by removal of sodium. The tracing of intracellular pH (pHi) demonstrates a rapid acidification following sodium removal. In the control crypt, the readdition of sodium shows a sharp increase in pHi, which demonstrates all NHE activity present in the colonic crypt. B: to isolate NHE4 activity, rat colonic crypts were exposed to 7 M ethylisopropylamiloride (EIPA) throughout the experiment. Crypts were again exposed to an ammonium prepulse followed by removal of sodium, resulting in rapid acidification. Recovery of pHi with readdition of sodium is significantly slower compared with control crypts. C: mean rate of recovery of pHi in control crypts was significantly higher than that of crypts with only NHE4 active (control 0.3418 Ϯ 0.01623 ⌬pH units/min compared with 0.06464 Ϯ 0.002982 ⌬pH units/min for 7 M EIPA) (P Ͻ 0.0001) and 0.06717 Ϯ 0.003302 ⌬pH units/min for 400 M amiloride (*P Ͻ 0.0001). Nearly all NHE activity including NHE4 activity was completely blocked using 1,000 M amiloride, with a resultant mean rate of recovery of intracellular pH significantly lower compared with 400 M amiloride (0.03396 Ϯ 0.003115 ⌬pH units/min) (*P Ͻ 0.0001). At least 5 animals were used in each series of experiments; at least 2 crypts per animal and at least 4 cells per crypt were analyzed for a total of at least 40 cells analyzed.
gests that NHE1 and NHE3 are successfully blocked in the presence of 7 M EIPA, and the aldosterone effect seen in these experiments is likely an activation of NHE4.
Rat colonic NHE4 downregulation with cAMP. Previous studies have demonstrated an increase in NHE1 and NHE2 activity in response to increased cAMP levels, whereas cAMP inhibits NHE3 activity (50) . In one series of experiments in rabbit gastric epithelial cells, Bachmann et al. (1) suggested cAMP stimulated NHE4 activity; however, this has not been well studied in colonic cells. To evaluate cAMP effects on NHE4 activity in the rat colonic crypt, we superfused crypts with solutions containing 7 M EIPA, 1 M forskolin, and 100 M IBMX and compared with 7 M EIPA alone. We found a significant reduction in NHE4 activity following an acid load in the presence of forskolin and IBMX (7 M EIPA 0.06464 Ϯ 0.002982 ⌬pH units/min compared with 7 M EIPA ϩ 1 M forskolin ϩ 100 M IBMX 0.05579 Ϯ 0.002941 ⌬pH units/ min, P ϭ 0.0363) (Fig. 3) . This reduced NHE4 activity appears to be a response to increased cAMP levels following forskolin/ IBMX administration.
Effects of hyperosmolarity on NHE4 activity. Studies to date have demonstrated conflicting results on the effect of hyperosmolarity on NHE4 activity. Early studies in NHE4-transfected fibroblasts suggested NHE4 was only activated under hyperosmolar conditions (4, 5); however, other studies have demonstrated NHE4 activity without an increased osmolar environment (2, 7). In one series of experiments, we superfused rat colonic crypts with 7 M EIPA to isolate NHE4 activity and exposed the crypts to a hyperosmolar environment using a high osmolarity HEPES-buffered solution (mannitol added to increase osmolarity to 300 mosM). We found no significant change in intracellular pH when exposing crypts to this hyperosmolar solution. A similar series of experiments was performed by increasing osmolarity with an increase in KCl or NaCl; however, no significant change in intracellular pH could be demonstrated. Exposing crypts to 400 M of amiloride produced similar results to experiments with 7 M EIPA. From these data, we demonstrated no activation of NHE4 activity with hyperosmolarity.
Human colonic NHE4 activity. Studies of NHE4 activity in the human colonic crypt were carried out in a similar fashion as in the rat model. We obtained samples of healthy human colonic tissue and separated out colonic crypts using an EDTA solution. Crypts were transferred to a coverslip and incubated with BCECF dye. After the dye-loading procedure, the crypts were superfused in a HEPES-buffered solution, and real-time changes of intracellular pH were obtained by monitoring fluorescence. The images obtained of the human colonic crypt were markedly similar to that of the rat model (Fig. 1) . NHE activity was monitored in a similar way to the rat model by inducing an acid load using an NH 4 Cl prepulse followed by a sodium-free solution and then monitoring recovery of intracellular pH when reperfusing with a sodium-containing HEPES solution. As shown in Fig. 4 , demonstration of human colonic crypt NHE activity was similar to that of the rat model. After removal of sodium, there was a marked acidification and then reperfusing with a sodium-containing solution demonstrated a marked increase in intracellular pH. In a series of experiments, human colonic crypts were exposed to 7M EIPA to evaluate NHE4 activity. Similar to the rat model, we found a marked acidification when removing sodium followed by a slower rise in intracellular pH when reperfusing with sodium-containing solution compared with control (Fig. 4) . The mean recovery rate of intracellular pH following acidification in control human colonic crypts was 0.2454 Ϯ 0.01047 ⌬pH units/min compared with 0.05912 Ϯ 0.003850 ⌬pH units/min when human colonic crypts were exposed to 7 M EIPA (P Ͻ 0.0001) (Fig. 4) . Similar to the rat model, nearly all NHE4 activity could be blocked with increased amiloride concentration to 1,000 M. The mean rate of recovery of intracellular pH in the human colonic crypt following an acid load was 0.01099 Ϯ 0.001834 ⌬pH units/min (Fig. 4) .
Regulation of human colonic NHE4 activity. To determine whether aldosterone had a similar rapid stimulatory effect on Fig. 3 . NHE4 is upregulated by aldosterone and inhibited by increased cAMP levels in the rat colonic crypt. A: crypts exposed to both 1 M aldosterone and 7 M EIPA throughout the experiment had significantly higher mean rate of recovery of pHi following an acid load compared with crypts exposed to 7 M EIPA alone. (7 M EIPA 0.06464 Ϯ 0.002982 ⌬pH units/min compared with 7 M EIPA ϩ 1 M aldosterone 0.08067 Ϯ 0.01037 ⌬pH units/min, P ϭ 0.0352). B: crypts were exposed to increased cAMP levels by exposing them to 1 M forskolin (FSK) and 100 M 3-isobutyl-1-methylxanthine (IBMX) throughout the experiment in addition to 7 M EIPA to isolate NHE4 activity. Crypts exposed to increased cAMP levels had significantly lower rates of recovery of pHi compared with crypts exposed to 7 M EIPA alone (7 M EIPA ϩ 1 M FSK ϩ 100 M IBMX 0.05579 Ϯ 0.002941 ⌬pH units/min compared with 7 M EIPA 0.06464 Ϯ 0.002982 ⌬pH units/min, *P ϭ 0.0363). At least 5 animals were used in each series of experiments; at least 2 crypts per animal and at least 4 cells per crypt were analyzed for a total of at least 40 cells analyzed.
NHE4 function as in the rat model, we superfused a series of human colonic crypts with both 7 M EIPA and 1 M aldosterone and monitored recovery of intracellular pH following an acid load. There was a statistically significant increase in rise in intracellular pH in crypts exposed to aldosterone compared with those without (7 M EIPA ϩ 1 M aldosterone 0.07178 Ϯ 0.004949 ⌬pH units/min compared with 7 M EIPA alone 0.05912 Ϯ 0.003850 ⌬pH units/min P ϭ 0.0420) (Fig. 4) . This increase rate of rise in intracellular pH likely represents NHE4 stimulation since NHE1 and NHE3 activity is blocked in the presence of 7 M EIPA.
Compared with the rat model, the human colonic NHE4 appeared less sensitive to effects of cAMP. We performed a series of experiments exposing human colonic crypts to 7 M EIPA with 1 M forskolin, and 100 M IBMX. The mean rate of rise in intracellular pH following an acid load in crypts exposed to EIPA, forskolin, and IBMX was 0.06579 Ϯ 0.002218 ⌬pH units/min, which was not statistically significantly different from the rate in crypts exposed to 7 M EIPA alone.
DISCUSSION
NHE proteins are present in all mammalian cell types, with each isoform characterized by specific tissue distributions. NHE proteins help maintain intracellular pH, regulate cell volume, and transport electrolytes across the cell membrane. Many factors are involved in regulation of NHE proteins, including hormones, growth factors, osmolarity, and intracellular signaling pathways that result in intracellular pH changes and absorption or secretion of electrolytes (21, 41, 49, 50) .
The most thoroughly characterized NHE proteins include NHE1, the housekeeping isoform with a wide tissue distribution and regulator of cell volume and intracellular pH, and NHE3, which plays a significant role in intestinal sodium absorption (16, 29, 50) . Since first being molecularly cloned in 1992, few studies have characterized the function of NHE4. With localization to the basolateral membrane similar to NHE1, it may be hypothesized that NHE4 has similar regulatory functions as this isoform. The majority of studies performed on NHE4 thus far have involved transfected cells, few studies in intestinal models, and no studies in human colonic crypts. There have been conflicting results from these studies, early on suggesting a role for NHE4 in cell volume regulation and later showing the role of NHE4 in modulating intracellular pH.
The aim of our study was to further characterize the role of NHE4 in the colon and explore the potential clinical relevance by confirming NHE4 activity in healthy human colonic crypts. Colonic crypt cells have been shown to play a critical role in both secretion and absorption to help maintain electrolyte and pH homestasis (15) , and we predicted that NHE4 may play a role in those processes. In this study we reveal that our rat model and healthy human colonic crypts both demonstrate NHE activity in the presence of NHE1-3 inhibition. We hypothesize that based on the known resistance of NHE4 to Fig. 4 . Human colonic crypts demonstrate functional NHE4 activity that is upregulated by aldosterone. A: human colonic crypts were exposed to an acid load by delivering an ammonium prepulse followed by removal of sodium. The tracing of pHi demonstrates a rapid acidification following sodium removal. In the control crypt, the readdition of sodium shows a sharp increase in pHi, which demonstrates all NHE activity present in the colonic crypt. B: to isolate NHE4 activity, human colonic crypts were exposed to 7 M EIPA throughout the experiment. Crypts were again exposed to an ammonium prepulse followed by removal of sodium, resulting in rapid acidification. Recovery of pHi with readdition of sodium is significantly slower compared with control crypts. C: mean recovery rate of pHi following acidification in control human colonic crypts was 0.2454 Ϯ 0.01047 ⌬pH units/min compared with 0.05912 Ϯ 0.003850 ⌬pH units/ min when human colonic crypts were exposed to 7 M EIPA (*P Ͻ 0.0001). Nearly all NHE4 activity was blocked with 1,000 M amiloride, with a mean rate of recovery of pHi 0.01099 Ϯ 0.001834 ⌬pH units/min, significantly lower than 7 M EIPA (*P ϭ 0.0011). D: similar to the rat colonic crypt, there was a significant increase in mean recovery rate of pHi in human colonic crypts exposed to aldosterone compared with those without (7 M EIPA ϩ 1 M aldosterone 0.07178 Ϯ 0.004949 ⌬pH units/min compared with 7 M EIPA alone 0.05912 Ϯ 0.003850 ⌬pH units/min, *P ϭ 0.0420).At least 5 human colonic specimens were used in each series of experiments, at least 2 crypts per specimen and at least 4 cells per crypt were analyzed for a total of at least 40 cells analyzed.
amiloride and EIPA, the remaining NHE activity demonstrated in our experiments represents functional NHE4 activity. The advantage of exploring NHE4 activity in isolated superfused colonic crypts compared with prior studies in transfected cell lines is that we maintained the native physiological environment where the protein resides. At the same time, the limitation in this study is that we had to inhibit the other NHE proteins to view NHE4 activity, so it is still unknown to what extent NHE4 functions while the remaining NHE proteins are active. We also are deducing NHE4 activity by inhibiting the remaining proteins and cannot definitely state this is NHE4 activity without a specific NHE4 inhibitor available to block it. We do know that, with significant increase in amiloride concentrations, NHE4 can be blocked, and we show that in our experiments we were able to inhibit the remaining NHE activity with larger amiloride concentrations. This suggests to us that it is in fact NHE4 activity we are observing. This method of blocking NHE1-3 activity to examine NHE4 activity has been validated in other studies as well (1, 2, 8, 33) .
In these experiments we show that NHE4 activity is present in colonic crypts after inducing an acid load. When the crypt is superfused with a sodium-free solution, the intracellular pH rapidly decreases, and with return of sodium to the solution, NHE activity returns allowing acid to be extruded from inside the cells and the pH to return normal baseline. Similar to NHE1 as a pH regulator, we found NHE4 in colonic crypts responds to the decreased intracellular pH and functions to return the cell to normal pH. We hypothesize that NHE4 works with NHE1 in the colonic crypt as a pH regulator and may play a role in the fine tuning of intracellular pH. Unlike NHE1, which has been shown to be stimulated by increased cAMP levels (50), we demonstrate an inhibition in NHE4 activity in response to cAMP. This again may be a way for NHE4 to fine tune intracellular pH to ensure NHE1 activity does not overshoot in one direction. With regard to volume regulation, although early studies showed an increase in NHE4 activity in the hyperosmolar environment, we could not replicate those findings in our model in the colonic crypt. The role of NHE4 as a volume regulator is less understood and further studies will need to be performed to clarify if this is one of its functions in the colon.
The traditional function of aldosterone is through binding of a cytosolic receptor, translocation of the receptor-hormone complex to the nucleus, and interaction with genes to promote synthesis of various proteins involved in epithelial electrolyte transport. Aldosterone causes a shift from electroneutral NaCl absorption to electrogenic Na ϩ absorption by increasing expression of epithelial sodium channel (ENaC) and basolateral Na ϩ -K ϩ -ATPase channels in the distal colon. At the same time, potassium secretion is stimulated at apical K ϩ channels (3, 13, 35, 36) . Aldosterone can additionally have rapid effects within minutes of hormone placement, termed "nongenomic" effects because they are too rapid to involve protein synthesis and have occurred in the presence of protein synthesis inhibitors (19, 22, 24, 34, 42) . Early models demonstrating rapid aldosterone effects included human mononuclear leukocytes, frog skin, and rat cortical collecting tubules (14, 39) . Rapid aldosterone effects in the distal rat colon have also been demonstrated and protein kinase C as well as intracellular calcium have been identified as potential second messengers (10, 12, 23 ).
Previous studies have explored the effects of glucocorticoids on NHEs and suggest a stimulatory effect of glucocorticoids, particularly on NHE3 expression in the proximal colon (9). Our current study investigates glucocorticoid effects specifically in the distal colon and found a significant effect with NHE4. We previously demonstrated rapid aldosterone effects on NHEs in rat distal colonic crypts and hypothesized that NHE4 may be one of the proteins influenced. In this study we demonstrated that NHE4 activity does get upregulated in both our rat model and in human colonic crypts in response to aldosterone, the implications of which are yet unknown. We hypothesize that by inducing NHE4 activity, the intracellular pH is increased, which may ultimately have effects on remaining electrolyte transport, including potassium recycling. Future studies will need to be performed to further characterize the intracellular signals involved in aldosterone's NHE4 activation. Whether cAMP is involved in a separate signaling pathway to result in upregulation or whether cAMP is part of aldosterone's signaling pathway leading to activation remains to be determined.
The clinical impact of NHE activity in human physiology and pathophysiology has been the target of many recent studies (30, 43) . The range of clinical diseases investigated have included cardiac ischemia, lactic acidosis, ulcerative colitis, hepatocellular carcinoma, and ischemia-related intestinal injury (20, 25, 38, 45, 47, 48) . It remains to be seen what role NHE4 will play in these clinical pathological states. In this study, we have established NHE4 activity in human colonic crypts and confirmed a valid rat model for experimental use that provides an effective starting point for future studies on colonic NHE4 activity.
